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three-layered  variations:  use  of  gold  as  an  electron  and  hole  injection  electrode 
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ABSTRACT 

Symmetrically  configured  AC  light-emitting  (SCALE)  devices  based  on  conjugated  polymers  utilizing  indium- 
tin  oxide  (TTO)  and  aluminum  as  electrodes  have  been  demonstrated  recently.  Here  we  report  the  fabrication  of 
SCALE  devices  using  a  more  stable  high  workfunction  metal,  such  as  gold,  as  a  charge  (both  electron  and  hole) 
injection  electrode.  Also,  a  variation  of  such  devices  in  which  the  electroluminescent  polynier,  instead  of  being 
separated  from  the  insulating  polymer,  is  dispersed  in  the  insulating  polymer  to  form  a  unified  emitter-insulator, 
is  reported.  These  devices  emit  light  in  both  forward  and  reverse  DC  bias  with  symmetric  current-voltage 
characteristics.  Under  low  frequency  AC  (sinusoidal)  driving  voltage,  light  pulses  with  double  the  driving 
frequency  are  observed.  A  model  is  proposed  to  account  for  the  device  operation. 

Keywords:  conjugated  polymers,  light-emitting  devices,  gold  electrode,  AC  operation 


1.  INTRODUCTION 


Since  the  first  report  of  electroluminescence  in  poly(p-phenylene  vinylene)  (PPV),'  a  variety  of  PPV 
derivatives  and  other  conjugated  polymers  and/or  copolymers  have  been  found  to  exhibit  electroluminescent 
properties. Lighting-emitting  diodes  (LEDs)  incorporating  these  materials  have  demonstrated  all  the  necessary 
colors  (red,  green,  blue)  needed  for  display.  The  simplest  stracture  of  a  polymer  LED  consists  of  an  emissive 
layer  sandwiched  between  two  electrodes,  one  of  which  (usually  hole  injecting  indium-tin  oxide,  or  ITO)  is 
transparent.  Such  devices  typically  operate  under  dc  driving  fields  and  the  charge  injection  mechanism  has  been 
proposed  to  be  due  to  Fowler-Nordheim  tunneling  through  barriers  set  by  the  difference  between  the  band  edges 
of  the  polymer  and  the  electrode  workfunctions.*  In  some  systems,  for  example  C®)  *  poly(phenylene  acetylene),’ 
and  a  special  PPV  derivative,®  it  was  found  that  the  devices  actually  emit  light  under  reverse  dc  bias  with  similar 
turn  on  voltages,  although  some  of  the  devices  show  unstable  electroluminescence  (EL)  under  reverse  bias.  Also 
some  multiple  bilayer  structures  prepared  by  dip  coating  technique  show  EL  under  reverse  bias.’  Recently  we 
have  reported  the  fabrication  of  symmetrically  configured  AC  light-emitting  (SCALE)  devices  based  on  poly(p- 
pyridine)  (PPy)  and  poly(p-pyridyl  vinylene  (PPyV)  by  introducing  two  “insulating”  layers  sandwiching  the 
emitting  layer.‘°  The  SCALE  devices  emit  light  under  both  forward  and  reverse  dc  bias  as  well  as  AC  driving 
voltage.  Under  AC  (sinusoidal)  driving,  light  pulses  with  double  the  driving  frequency  are  generated.  This 
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unusual  behavior  has  been  attributed  to  the  effects  of  the  interface  states  created  by  the  introduction  of  the 
insulating  polymer.  In  the  initially  reported  SCALE  devices,  emeraldine  base  (EB)  form  of  polyaniline  and 
poly(methylmethacrylate)  (PMMA)  were  used  as  the  insulating  materials,  ITO  aluminum  (Al),  and  even  gold 
(Au)  were  utilized  for  electrodes,  and  the  insulating  layers  were  separated  from  the  electroluminescent  layer. 
Also  SCALE  devices  using  a  copolymer  of  PPV  and  PPyV,  poly(2,5-dihexdecanoxy  phenylene  vinylene  pyridyl 
vinylene)  (PPV.PPyV)  have  been  reported."’’^  Variation  of  the  SCALE  device  also  has  been  reported  using 
poly(3-hexyl  thiophene)  (P3HT)  as  the  insulating  material  and,  for  some  devices,  high  workfunction  metal  copper 
(Cu)  instead  of  Al  for  one  of  the  contacts.' Here  we  present  details  of  the  fabrication  of  SCALE  devices  using 
rrO  and  gold  (Au)  as  electrodes,  and  also  a  new  type  of  AC  light-emitting  devices  in  which  the  EL  polymer  is 
dispersed  in  an  insulating  polymer  to  form  a  unified  emitter-insulator.  In  both  cases,  the  devices  can  be  operated 
in  both  forward  and  reverse  bias  as  well  as  in  AC  mode. 


2.  EXPERIMENTAL 

The  syntheses  of  PPy'^  and  EB'^  have  been  reported  previously.  For  the  5-layered  SCALE  device 
nO/EB/PPy/EB/Au,  EB  and  PPy  films  were  spin-cast  from  solutions  in  N-methylpyrrolidinone  (NMP)  and  in 
formic  acid,  respectively,  at  ~2000  rpm.  For  the  3-layered  AC  device  ITO/emitter-insulator  blend/Al,  the  emitter- 
insulator  blend  was  prepared  by  mixing  a  solution  of  PPy  in  formic  acid  and  a  solution  of  Nylon  6,6  in  formic 
acid.  The  weight  ratio  of  PPy  to  Nylon  6,6  is  approximately  1:10.  The  final  solution  concentration  is  ~  1%.  The 
emitter-insulator  layer  is  similarly  spin-cast.  Before  spin-coating,  the  ITO  substrates  with  sheet  resistance  of  ~20 
O/n  were  ultrasonically  pre-cleaned  in  isopropyl  alcohol,  blown  dry  with  nitrogen  gas  and  irradiated  in  a  UV- 
ozone  chamber  for  approximately  10  niinutes.  The  resulting  polymer  film  thicknesses  are  approximately  1000  A 
each  as  measured  by  a  Dektak  surface  profilometer.  Tne  Au  or  Al  electrodes  were  deposited  by  vacuum 
evaporation  at  a  pressure  of  ~  10"^  torr.  To  prevent  damage  to  the  polymer  films,  the  substrates  were  mounted  on 
a  cold  water  cooled  surface  during  evaporation.  Absorption  spectra  were  measured  on  spin-cast  films  using  a 
Perkin-Elmer  Lamda  19  UVA^S/NIR  spectrometer.  Photoluminescence  and  electroluminescence  were  measured 
using  a  SPEX  Fluorolog  Fluorometer.  The  I-V  characteristics  were  measured  using  two  Keithley  195A 
multimeters  while  dc  voltage  was  applied  by  a  HP  6218A  dc  power  supply.  Under  AC  driving  the  sinusoidal 
voltage  was  supplied  by  a  HP  3311 A  function  generator.  The  EL  intensity  was  measured  and  recorded  using  a 
photomultiplier  (PMT)  (Hamamatsu  Photonics,  type  R928)  and  a  Tektronics  2430A  oscilloscope. 


3.  EXPERIMENTAL  RESULTS 

Figure  1  shows  the  absorption  spectra  of  a  PPy  film  spin-cast  from  solution  in  formic  acid  and  a  EB  film  spin- 
cast  from  solution  in  NMP,  as  compared  to  the  photoluminescence  (PL)  spectrum  of  a  PPy  film.  To  simulate  the 
device  fabrication  process,  the  EB  film  was  spun  from  NMP  solution  and  then  “spin-coated”  with  formic  acid. 
The  PL  of  PPy  peak  at  -2.35  eV,  in  the  transmission  window  between  the  two  strong  absorption  bands  of  EB,  is 
apparently  shifted  with  respect  to  the  PPy  absorption  peak  (-3.35  eV). 

Figure  2  compares  the  I-V  characteristics  for  EB/PPy/EB  SCALE  devices  utilizing  ITO/Al  and  ITO/Au  as 
electrode  pairs.  The  two  devices  emit  li^t  under  both  forward  and  reverse  bias,  and  show  similar  I-V 
characteristics  with  similar  turn  on  voltages  despite  the  fact  that  Al  and  Au  have  much  different  workfunctions 
(4.2  eV  vs  5.3  eV).  Note  that  the  thickness  of  the  EB  layer  in  the  Au  device  is  thicker  than  that  in  the  Al  device, 
which  may  account  for  the  slightly  higher  turn  on  voltage  in  the  Au  device.  (The  motivation  for  thicker  EB  in  the 
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Au  device  is  reduction  of  diffusion  of  Au  into  the  emitter  layer).  Under  low  frequency  AC  (sinusoidal)  driving 
voltage,  light  pulses  with  twice  the  driving  frequency  were  observed.  Fig.  3  shows  the  variation  of  the  EL 
intensity  of  a  ITO/EB/PPy/EB/Al  device  driven  by  a  60  Hz  sinusoidal  voltage.  A  similar  result  was  observed  for 
the  rrO/EB/PPy/EB/Au  device.  The  I-V  characteristics  for  the  3-layered  ITO/PPy-Nylon  6,6/Al  device  are  shown 
in  Fig.  4.  This  device  works  well  under  both  forward  and  reverse  bias. 


4.  DISCUSSION 

The  charge  injection  mechanism  for  polymer  LEDs  is  usually  represented  by  a  very  simplified  model,  within 
which  the  polymer/electrode  interface  is  assumed  to  be  an  abrapt  separation  between  two  media  with  no  localized 
electronic  states  (interface  states).  As  a  consequence,  the  I-V  characteristics  for  most  polymer  LEDs  have  been 
proposed  to  be  controlled  only  by  a  workfunction  related  mechanism.*  However,  a  vast  amount  of  work  on 
semiconductors  has  shown  that  this  often  is  not  true.**’’*  The  symmetric  I-V  curves,  which  are  not  sensitive  to  the 
electrode  workfunction,  for  the  SCALE  devices  reported  here  suggest  that  the  interfaces  play  an  important  role  in 
the  device  operation,  particularly  the  polymer/polymer  interfaces.  The  workfunction  of  Au  is  ~  5.3  eV,  much 
higher  than  that  of  A1  (~  4.2  eV).^  If  I-V  characteristics  for  the  SCALE  devices  were  controlled  by  a 
workfunction  related  mechanism  as  in  conventional  polymer  LEDs,  dramatically  different  I-V  characteristics  are 
expected  when  A1  is  replaced  with  Au.  The  similar  I-V  characteristics  for  both  ITO/EB/PPy/EB/Al  and 
nO/EB/PPy/EB/Au  devices  implies  that  the  EB/PPy  interfaces  are  the  controlling  step  of  charge  injection  since 
the  two  EB/PPy  interfaces  are  the  only  unchanged  pair  of  interfaces  upon  going  from  the  A1  device  to  Au  device. 


One  important  aspect  of  the  SCALE  devices  is  that  the  turn  on  voltage  for  the  5-layered  ITO/EB/PPy/EB/Al  is 
lower  than  the  corresponding  3-layered  devices  ITO/PPy/Al  with  the  same  thickness  of  the  PPy  layer,  despite  the 
extra  thickness  of  EB  layers.  Fig.  5  compares  the  turn  on  voltages  of  four  devices  with  different  structures: 
rrO/PPy/Al;  rrO/EB/PPy/Al;  ITO/PPy/EB/Al;  ITO/EB/PPy/EB/Al.  The  unusual  trend  suggests  that  charge 
injection  from  either  metal  electrode  through  EB  to  PPy  is  easier  than  to  PPy  directly.  Note  that  similar  behavior 
has  been  observed  for  the  SCALE  devices  based  on  other  polymer  systems  when  EB  is  used  as  the  insulating 
polymer.”’'^  This  is  not  su^rising  since  EB  as  a  redox  polymer,  can  accept  electrons  (or  holes)  easily  to  vary  its 
oxidation  states  reversibly.  Specifically,  the  available  negative  and  positive  polaron  levels  within  the  n-n*  band 
gap  may  play  an  important  role  in  charge  injection  and  transport.  We  note  that  while  ITO/EB/PPy/EB/Al  and 
rrO/EB/PPy/Al  devices  emit  light  in  both  forward  and  reverse  bias,  no  light  (or  very  weak  light)  was  observed 
for  rrO/PPy/Al  and  ITO/PPy/EB/Al  devices  under  reverse  bias,  indicating  that  electron  injection  from  ITO  to 
PPy  is  the  main  efficiency  limiting  step  in  the  device  operation  under  reverse  bias. 


We  propose  the  following  mechanism  for  the  SCALE  device  operation.’®  Under  low  bias  voltage,  electrons 
and  holes  are  injected  from  the  electrodes  to  the  quinoid  and  benzenoid  levels  of  EB  and  form  negative  and 
positive  polarons,  respectively.  These  polarons  transport  to  the  EB/PPy  interfaces  via  a  hopping  mechanism  and 
populate  the  EB/PPy  interfaces.  When  the  applied  electric  field  is  high  enough,  the  stored  charges  begin  to  tunnel 
into  the  conduction  and  valence  bands  of  PPy.  The  injected  charges  may  form  intrachain  exciton  and  decay 
radiatively  to  emit  photons  or  follow  other  nonradiative  decay  paths.  Because  the  polarons  levels  are  within  the 
7t-7c*  band  gap  of  EB,  and  are  also  likely  within  the  band  gap  of  PPy,  the  barriers  for  charge  injection  from 
electrodes  to  polaron  levels  of  EB  are  significantly  reduced  as  compared  to  injection  directly  to  conduction  and 
valence  bands  of  PPy.  The  limiting  barriers  for  charge  injection  are  no  longer  the  electrode/polymer  contacts  as 
proposed*  for  conventional  polymer  LEDs  but  now  the  polymer/polymer  (EB/PPy)  interfaces  of  the  SCALE 
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devices.  Due  to  the  inter-penetrating  net:  r  ture  of  the  polymer/polymer  interfaces,  non-uniform  electric 
fields  are  created  making  charge  injection  easier,  hence  reducing  the  overall  barrier  height.  This  argument  is 
supported  by  the  lower  turn  on  voltages  of  the  SCALE  devices  as  compared  to  the  corresponding  conventional 
devices.  The  non-uniform  electric  field  effect  is  clearly  demonstrated  in  PPV  devices  using  high-surface  area 
network  conducting  polyaniline  as  hole  injection  electrode."  If  the  charge  injection  is  not  balanced,  as  is  the  case 
for  most  polymer  LEDs,  the  excess  charge  carriers  may  migrate  through  the  PPy  layer  without  decaying.  Most  of 
these  charges  will  bb  trapped  in  the  opposite  PPy/EB  interface.  It  is  suggested  that  these  trapped  charges  enhance 
the  electric  field  of  the  nearby  EB  layer,  and  thus  enhance  the  minority  charge  injection  from  the  electrode, 
improving  the  devic^efficiency.  When  the  bias  voltage  is  reversed,  the  shallow  trapped  charges  will  be  released 
from  the  interfaces  ind  contribute  to  ^e  recombination  current.  The  deep  trapped  charges  which  act  as  quenchers 
or  injection  limiters  in  DC  devices  will  be  neutralized.  We  point  out  that  the  use  of  stable  high  workfunction 
metals,  such  as  Au,  as  electrodes  to  inject  both  electrons  and  holes  for  the  SCALE  devices  may  reduce  the 
problems  of  aging  of  contacts  of  polymer  light-emitting  devices. 


The  3-layered  ITO/PPy-Nylon/Al  device  can  be  understood  as  a  variation  of  the  SCALE  device.  In  this  case, 
the  emitter/insulator  interfaces,  instead  of  being  sharply  defined,  are  spread  throughout  the  polymer  layer.  For 
devices  that  have  a  small  fraction  of  emitter  polymer,  e.g.  1:10  ratio  of  PPy  to  Nylon  for  the  device  of  Fig.  4,  the 
limiting  step  for  charge  injection  is  likely  tunneling  from  the  electrodes  through  insulating  polymer  (Nylon) 
(instead  of  hopping  as  for  EB),  since  in  this  case  the  insulating  polymers  have  very  large  band  gaps  (~  6  eV).  It  is 
speculated  that  at  these  low  loadings,  the  emitter  polymer  network  may  be  excluded  from  the  host  insulator 
(Nylon)  polymer  at  the  polymer/electrode  interfaces,  causing  the  above  mentioned  charge  injection  to  be  the 

limiting  step. 


5.  CONCLUSION 

It  is  concluded  that  interfaces  play  an  important  role  in  the  SCALE  device  operation,  particularly  the 
emitter/insulator  interfaces.  When  EB  is  used  as  the  insulating  polymer,  the  reduction  of  the  charge  injection 
barriers  at  the  EB/electrode  interfaces  allows  the  use  of  stable  high  workfunction  metals,  e.g.  Au,  as  charge 
injection  electrodes,  which  may  reduce  the  problems  of  aging  of  contacts  of  polymer  light-emitting  devices. 
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Fig.l.  Photoluminescence  spectrum  (a)  and  absorbance  (b)  of  a  PPy  film 
spun  from  a  formic  acid  solution  and  absorbance  (c)  of  an  emeraldine  base 
(EB)  film  spun  from  NMP  and  "coated"  with  formic  acid. 


Fig.  2.  I-V  characteristics  of  SCALE  devices  utilizing  two  different 
pairs  of  electrodes  ITO/Au  and  ITO/Al. 
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Fig.  3  AC  response  of  a  SCALE  device  ITO/EB/PPy/EB/Al 
driven  by  a  60  Hz  sinusoidal  voltage. 
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Fig.  4.  I-V  chracteristics  of  a  device  where  the  emitting  layer 
is  a  blend  of  PPy  and  Nylon  with  a  wt:  wt  ratio  of  1 : 10. 
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Fig.  5.  I-V  characteristics  of  four  devices  with  different  structures. 
Note  that  the  turn  on  voltage  decreases  as  the  total  number  of  layers 
increases. 
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